The aluminium-induced lateral crystallization (AILC) of amorphous silicon (a-Si) on a glass substrate has been investigated. By means of a photoresist-based process, Al islands (100 nm) were thermally evaporated using 15 V, 3.5 A, and 25 V, 5.6 A on the a-Si layer (100 nm), which was deposited on a glass substrate. SEM examinations indicated that the Al islands exhibited smooth and crystalline-grain morphology. Annealing processes were carried out at 748 and 823 K for various times. After annealing, AILC could be clearly observed in the crystalline-grain sample, but not in the smooth sample. TEM analyses showed that the mechanism of AILC resulted from two layer exchange processes. First, the Al islands exchanged with the underlying a-Si layer vertically during AIC, and then the generation of Al particles accompanying AIC caused a lateral layer exchange with the remaining a-Si layer with further annealing. #
Introduction
Polycrystalline silicon (poly-Si) has attracted much attention for application in electronic devices such as thin-film transistors 1) and thin-film solar cells owing to its high device reliability and good electrical performance.
2) Both laser crystallization and solid-phase crystallization (SPC) are the most widely used methods for poly-Si preparation. 3, 4) However, laser crystallization remains an expensive and complex process, while SPC suffers from long annealing time even at typically 873 K, which is still too high for largearea glass substrates.
Metal-induced crystallization (MIC) has been reported to successfully lower the crystallization temperature down to 773 K, where eutectic forming metals, such as Au and Al, or silicide forming metals, such as Pd and Ni, have been added to amorphous silicon (a-Si) to enhance the nucleation rate. [5] [6] [7] In order to further lower metal contamination and obtain large-grained poly-Si films, metal-induced lateral crystallization (MILC) has been developed. 8, 9) Most MILC has been studied using metals that form silicides with Si such as Ni. In addition to the extensive studies of aluminuminduced crystallization (AIC), [10] [11] [12] [13] [14] a few studies have focused on MILC using metals that remains to be clarified form eutectics such as Al. 15, 16) However, the mechanism of AILC is not clear yet. Therefore, the purpose of this work is to elucidate the mechanism of AILC.
Experimental Procedure
A-silicon films with a thickness of 100 nm were deposited by plasma-enhanced chemical vapor deposition on a glass substrate. The samples were treated by a photolithographic process, and then a thin Al layer with a thickness of 100 nm was thermally evaporated on the a-Si surface under the conditions of 15 V, 3.5 A (sample 1) and 25 V, 5.6 A (sample 2). The deposition rates of Al for sample 1 and 2 were 0.677 and 20 nm/s, respectively. After evaporation, the Al layer on the top of the photoresist patterns was removed by the lift-off method and only the Al layer (Al islands) evaporated directly on the a-Si was left. The cross-sectional structure of the sample after removing the photoresist patterns is illustrated in Fig. 1 . The conventional annealing processes were performed at 748 and 823 K for various times in a vacuum heat-treated furnace. To investigate the bare poly-Si formed during annealing, the remaining Al on the surface was etched off using a standard Al etching solution (80% phosphoric acid, 5% nitric acid, 5% acetic acid, and 10% deionized water). Optical microscopy (OM), scanning electron microscopy (SEM: JEOL-JSM6500FX), and transmission electron microscopy (TEM: JEOL-2100F) were carried out for microstructural characterization. The crosssectional TEM specimens were prepared using an FEI FIB200xP focused ion beam microscope.
Results and Discussion
Figures 2(a) and 2(b) respectively show the surface morphology of samples 1 and 2 before the annealing treatment, revealing that the surface morphology of sample 2 is much rougher than that of sample 1. Moreover, clear crystalline grain boundaries of Al can clearly be seen in sample 2, but not in sample 1. After annealing at 748 K for 5 h, the crystallization results of samples 1 and 2 are shown in Figs. 3(a) and 3(b), respectively. In Fig. 3 , it is evident that AIC induced in the area where a-Si was in contact with Al islands (marked as ''A'') can be observed in both samples. However, AILC induced in the channel region where the Al layer was not deposited (marked as ''L'') is only seen in sample 2 and no evidence of AILC can be detected in sample 1. To evaluate the effect of temperature on lateral crystallization, sample 2 was annealed at 748 and 823 K for various times. The relationship between the laterally crystallized area ratio (lateral crystallization area, total area of channel) and the annealing time is shown in Fig. 4(a) . The laterally crystallized area ratio reached 1 in 5 min at 823 K but only 0.7 at 748 K for 9 h. Figures 4(b) and 4(c) show two typical scanning electron micrographs of sample 2 annealed at 748 and 823 K for 1 h, respectively. A-Si was transformed into poly-Si by AILC under both conditions. The crystallization rates of AILC are about 2 mm/min at 823 K and 0.013 mm/min at 748 K. Evidently, annealing temperature is an important factor that affects the growth rate of lateral crystallization.
The layer exchange mechanism of the AIC process was well established in many studies. [10] [11] [12] [13] [14] In addition, AILC has been reported by Rui et al. 15) and Abbassi et al. 16) They found AILC and established the model of AILC. However, the mechanism of AILC remains unclear. Therefore, crosssectional TEM analyses of the area marked as ''T'' in Fig. 4(c) were performed to examine the crystal structure of the laterally crystallized poly-Si layer in this study. Figure 5 (a) shows a bright-field (BF) electron micrograph of the cross-sectional structure of sample 2 annealed at 823 K for 1 h. The white area on the top of this figure (marked F) was removed by FIB during the cross-sectional sample preparation. Figures 5(b) and 5(c) are two selected-area diffraction patterns (SADPs) taken from the ''L'' area in Fig. 5(a) , indicating that the crystal structure has a diamond structure with a lattice parameter a ¼ 0:542 nm, which corresponds to that of poly-Si. Accordingly, the microstructure of the grains present in the AIC and AILC areas should be poly-Si. In Fig. 5(a) , some coarse particles can also be observed at the interface between Al islands and poly-Si grains as well as at the grain boundary of poly-Si grains. Shown in Fig. 5(d) is a SADP taken from a coarse particle marked ''p'' in Fig. 5(a) . From the camera length and the measurements of angles and d-spacings of the diffraction spots, the crystal structure of the particle was found to be consistent with that of Al. Figure 5 (e), a higher magnification of Fig. 5(a) , reveals that many small particles with diameters of 2 -5 nm were formed within poly-Si grains. Electron diffraction analysis demonstrated that the small particles were also Al. It is therefore considered that when the sample was annealed, the Al diffused into the adjacent a-Si layer during the layer exchange and Al particles were formed owing to the very low solid solubility of Al in Si.
On the basis of the above observations, it is reasonable to suggest that the mechanism of AILC results from two layer exchange processes. First, the Al islands are replaced vertically with the underlying a-Si layer during AIC, and then the generated Al particles accompanying AIC poly-Si cause a lateral layer exchange with the a-Si layer of the ''L'' area with further annealing. The schematic illustration of the AILC is shown in Fig. 6 . In addition, TEM examinations revealed that the number of tiny Al particles was much greater in sample 2 than that in the sample 1. This implies that the rate of interdiffusion between Al islands and the a-Si layer (AIC) in sample 2 is much higher than that in sample 1. The reason for this may be that the surface of sample 2 had obvious crystalline grain boundaries for Si atoms to easily diffuse along grain boundaries in Al. The grain boundaries of the Al islands were necessary agents for the initiation of the crystallization of Si, and then Al was repelled from the Si grains and diffused into adjacent a-Si layer. The number of small Al particles in the Si layer under Al islands in sample 1 was insufficient. Therefore, the lateral layer exchange would have been very slow. Consequently, the AILC of sample 1 under all the annealing conditions could not be observed in the present study.
Conclusions
AILC can be observed only in sample 2 with a grainy Al layer on an a-Si layer, but not in sample 1 with a smooth Al layer on an a-Si layer. This indicates that the surface morphology of evaporated Al has a marked effect on the lateral crystallization of poly-Si. The mechanism of AILC results from two layer exchange processes. The vertical layer exchange and the horizontal layer exchange. The crystallization rate of AILC reaches 2 mm/min at 823 K but only 0.013 mm/min at 748 K. Evidently, the annealing temperature is another important factor that affects the velocity of lateral crystallization.
